We report in situ ion microprobe U-Th-Pb dating of an index fossil conodont derived from Langkawi Island, northern Malaysia. Fifteen spots on five fragments of an early Silurian conodont yield 232 Th-208 Pb* isochron age of 429 ± 50 Ma (2σ, MSWD = 0.95). The 238 U-206 Pb* isochron age of 436 ± 270 Ma (2σ, MSWD = 0.47) has a large uncertainty, since the 238 U abundance is significantly small, but the age is comparable to that of 232 Th-208 Pb*. These ages are consistent with the depositional and early diagenetic ages of the fossil in a Llandoverian sedimentary sequence (430-439 Ma). The success of the method depends on the heterogeneity of diagenetically incorpolated Th in a hundred µm size and the consequent variations in Pb isotopic compositions due to radioactive decay. Shale-normalized rare earth element (REE) abundance shows a concave pattern with middle REE enrichment. There is not a significant anomaly of Ce and Eu. These characteristics are different from those of a Carboniferous conodont, probably due to a different formation environment as suggested by other workers.
the generally lower ratio of radiogenic to common Pb in this mineral. have successfully applied the U-Pb isochron method with multiple spots on a fragment of a fossil Permian shark tooth. Conodonts are another candidate for U-Th-Pb dating since they are fossils of tooth-like structure and chemically composed of apatite which occurred in the body of an early vertebrate (Melton and Scott, 1973; Aldridge et al., 1985; Donoghue, 2001) . It is usually a translucent amber-brown in color and its internal structure is either fibrous or lamellar. It is a good sample to verify the dating method since the conodont is an index fossil used to show the formation age of sedimentary sequences (Jones, 1956) . Preliminary studies of U-Pb dating of a conodont were reported by Kovach and Zartman (1981) using conventional isotope dilution thermal ionization mass spectrometry (IDTIMS) after chemical dissolution and separation. 
INTRODUCTION
When direct U-Th-Pb dating of fossils becomes possible, this should lend itself to stratigraphic studies establishing the absolute chronology of sedimentary sequences (Jahn and Cuvellier, 1994) . However it has long been known that the stratigraphic correlation of various index fossils is a more precise technique than radiometric geochronology because of the intrinsic uncertainties in decay constants, standards and yields. Recently has established an ionmicroprobe U-Pb dating method for apatite using the SHRIMP II (Sensitive High Resolution Ion MicroProbe) instrument installed at Department of Earth and Planetary Sciences, Hiroshima University in Japan. In contrast to zircon for which single spots on the sample yield corresponding radiometric U-Pb ages (Claoué-Long et al., 1995) , an isochron method was used for apatite, due to have demonstrated in situ SHRIMP U-Pb analyses of a single conodont fragment by the U-Pb isochron method. However in situ Th-Pb analyses of fossil apatite with reasonable precision are not yet reported in the literature. We report here the first Th-Pb dating of a Silurian conodont using the SHRIMP II. In addition, we report in situ analysis of REE for the same spots as our Th-Pb measurements. Shale-normalized REE abundance pattern may provide useful information on the environmental characteristics of conodonts in seawater, and potentially, of pore water and sedimented particulates (Wright et al., 1987; Grandjean and Albarède, 1989; GrandjeanLécuyer et al., 1993) .
EXPERIMENTAL
The samples analyzed are several fragments of the conodont "Panderodus" (Paltodus of Family Distacodidae) from a Llandoverian sedimentary sequence (439-430 Ma) on Langkawi Island, northern Malaysia. A detailed description of the samples have been given elsewhere (Jones, 1956) . Five fragments of the sample (each approximately 400 µm × 100 µm in size) were cast into epoxy resin discs with a few grains of standard apatite. The apatite standard "PRAP", we use, is derived from an alkaline rock of the Prairie Lake circular complex in the Canadian Shield and has been dated at 1156 Ma . The samples and standard were polished until they were exposed through their mid-sections to provide a flat surface for sputtering of secondary ions. Chemical composition and imaging of the sample were determined by electron probe micro-analyzer (EPMA) to locate inclusion-free homogeneous regions suitable for analysis. Figure 1 shows an electron back-scattered image of two fragments of the conodont (Cono2.7 and Cono2.9). Observed major chemical constituents are listed in Table 1 , which show apparent apatite signature. Note that the minor components such as SrO and FeO contents vary significantly from 0.185% to 1.75% and less than 0.01% to 3.31%, respectively, while the major components such as Ca and P are almost constant.
A .
Identical primary beam conditions to the UTh-Pb measurement were used in the REE analysis while an enhanced mass resolution of 9300 at 1% peak height was adopted to separate heavy REE from oxides of light REE with adequate flat topped peaks. Observed intensities of the isotopes are calibrated against those of the PRAP standard whose REE contents have been determined by ICP-MS after chemical dissolution and separation. Experimental details of REE analysis and calibration of data against the standard by SHRIMP II will be given elsewhere . Th/ 208 Pb ratios, suggesting a variable contribution of common Pb to the sample and/or a constant amount of common Pb but variable U and Th with a constant U/Th ratio. Note that U contents are significantly smaller compared to those of Th and that the U/Th ratio varies from 0.0028 to 0.026 with the average of 0.0077. This is in contrast to the ratio of 340 seen in a Carboniferous conodont and from the U/Th ratio of seawater which is about 320 (Martin and Whitfield, 1983) . There is no correlation between Sr and U or Th concentrations. Figure 2 shows a correlation diagram of 204 Pb/ 208 Pb and 232 Th/ 208 Pb ratios for the Silurian conodont sample. A least-square fit using the method of York (1969) gives a 232 Th-208 Pb* isochron age of 429 ± 50 Ma (2σ; MSWD = 0.95; error correlation, r ec = 0), which agrees with the depositional age of the fossil in the early Silurian epoch (439-430 Ma) (Harland et al., 1990 ). This suggests that the conodont has not been affected by a thermal event which may produce recrystalization and/or diffusive exchange with the environment to reset the Th-Pb system after deposition. This is the first report of a 232 Th-208 Pb* isochron for biogenic apatite using an ion microprobe method. Figure 3 shows a correlation diagram of 204 Pb/ 206 Pb and 238 U/ 206 Pb ratios for fifteen spots on Silurian conodonts. A least-square fit using the method of York (1969) gives a 238 U-206 Pb* isochron age of 436 ± 270 Ma (2σ; MSWD = 0.47; error correlation, r ec = 0), which is not inconsistent with the depositional age of the fossil in the early Silurian epoch (439-430 Ma) (Harland et al., 1990 ) and the 232 Th-208 Pb* isochron age of 429 ± 50 Ma, even though the experimental error is large. We note that the 232 Th-208 Pb* age is much more precise than the 238 U-206 Pb* age and may be attributable to the large Th and small U abundances of the sample (see Table 2 ).
RESULTS AND DISCUSSION
There (Ludwig, 1998a) ; calculations were made using Isoplot/Ex (Ludwig, 1998b The success of the in situ ion microprobe ThPb dating of the conodont depends on the chemical fractionation of Th from Pb in the hundred µm length-scale of the sample and of the consequent variations in Pb isotopic compositions due to decay of Th. The elemental fractionation may be due to heterogeneous incorporation of Th and Pb during diagenesis. It is well documented that living animal teeth do not uptake REE and U (Driessens and Verbeeck, 1990) . Kohn et al. (1999) The variation of Th/Pb ratios at this scale can not be easily observed by the IDTIMS method after chemical dissolution and separation of the samples (Jahn, 1988; Moorbath et al., 1987) . The success of the conodont dating method also depends on the simple post-depositional history of the sample (Kovach and Zartman, 1981) . Apatite is supposed to remain closed to U and Pb under an effective closure temperature of 400°C in diameter of <50 µm (Cherniak et al., 1991; Krogstad and Walker, 1994) ; this may be the case for Th in the sample. Time elapsed after deposition of the conodont while Th-Pb chronometer works correctly is difficult to estimate precisely, but is not longer than a few million years when we take into account the similar behavior of Th to rare earth elements (Toyoda and Tokonami, 1990; Jahn and Cuvellier, 1994; Carboniferous conodont (Cono1.1.4 and 1.1.6) reported by using SHRIMP. .
were also reported by Wright et al. (1987) and Grandjean-Lécuyer et al. (1993) . The pattern is different from that of a Carboniferous conodont, which shows a broadly flat pattern from light REE to middle REE and a decrease from middle REE to heavy REE except for negative anomalies in Ce and Eu, even though number of data is very small. The difference in the two patterns may be attributable to either the redox state during the diffusive exchange of REE, or different formation environments such as river and seawater. This may also explain the discrepancy of the U/Th ratios of Silurian and Carboniferous conodonts. Secular variations in Th/U ratios in conodonts were reported by Wright et al. (1984) . They suggested that Th/U ratios should increase during times of anoxia and decreases under anoxic conditions. If observed differences of REE patterns and Th/U ratios are attributable to the redox state of seawater as suggested by Wright et al. (1987) , levels of seawater oxygen may have changed significantly between the Silurian and Carboniferous. Further study with much more REE data is required to verify the change of environment.
In conclusion, the first 232 Th-208 Pb* age of 429 ± 50 Ma in Silurian conodonts obtained by SHRIMP II agrees well with the depositional and early diagenetic ages of the sedimentary sequence within experimental error. The REE abundance patterns of the Silurian conodonts are significantly different from those of the Carboniferous conodonts, which is probably related to the concurrent U/Th difference. We suggest that this is due to discrepant redox state during the diffusive exchange of REE, or different formation environments such as river and seawater.
